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Abstract 
 
Functional neuroimaging data have pointed to the activation of a fronto-parietal network during 
calculation tasks, the activity of which is modulated by arithmetic operation and arithmetical 
competence. As the cortical brain regions of this network are distant, it is crucial to investigate the 
white matter connections between them and to examine how these connections are related to different 
arithmetic operations and individual differences in arithmetical competence. By using diffusion tensor 
imaging (DTI) tractography in eighteen 12-year-olds, we tested whether white matter pathways 
connecting these distant regions were related to children’s arithmetical competence and how this 
association was modulated by operation. For each child, we delineated the three subcomponents of the 
arcuate fasciculus, a bundle of pathways linking frontal and temporo-parietal regions that are 
commonly active during calculation tasks. Fractional anisotropy in the left anterior portion of the 
arcuate fasciculus was positively correlated with addition and multiplication, but not with subtraction 
and division, suggesting a specific role of this left anterior segment in the solution of those problems 
that are expected to be solved with fact retrieval. The observed correlation was not explained by age, 
intelligence and working memory. Follow-up control analyses using different types of reading 
measures revealed that the observed correlation only disappeared when measures that draw heavily on 
phonological processing, such as non-word reading, were controlled for, suggesting that the 
association between the left arcuate fasciculus-anterior and addition/multiplication reflects the 
involvement of phonological processing. These results are the first to demonstrate that individual 
differences in fronto-parietal white matter are associated with arithmetical competence in typically 
developing children of a very narrow age range and indicate that this association is modulated by 
arithmetic operation. 
 
 
Keywords : Diffusion Tensor Imaging (DTI), Tractography, Arcuate Fasciculus, Children, 
Arithmetic, Fact Retrieval 
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1. Introduction 
Arithmetic is crucial in our daily life and represents an important part of the children’s curriculum at 
school. At behavioral level large individual differences in learning arithmetic have been observed 
(Dowker, 2005). More recently, neuroimaging studies have started to unravel the neural correlates of 
these individual differences. Functional MRI studies in adults have revealed the activation of a fronto-
parietal network during calculation tasks (Arsalidou and Taylor, 2011, for a review) and a similar 
fronto-parietal network has been observed in children (Kaufmann et al., 2011, for a review). Recent 
developmental fMRI data indicate that the activity in this network is modulated by arithmetic 
operation and individual differences in arithmetical competence (De Smedt et al., 2011). As the 
cortical brain regions of this network are distant, it is crucial to investigate the white matter 
connections between them and to examine how these connections are related to arithmetic operation 
and individual differences in arithmetical competence. Diffusion tensor imaging (DTI) is a powerful 
technique for studying these white matter connections and has been widely used to study brain-
behavior relationships in children, particularly in the fields of reading (e.g., Beaulieu et al., 2005) and 
working memory (e.g., Nagy et al., 2004). DTI studies in arithmetic are scarce (but see Tsang et al., 
2009; van Eimeren et al., 2008, 2010). To obtain more details about the neuro-anatomical correlates of 
arithmetic in children, the present study used DTI tractography to examine the association between 
fronto-parietal white matter and individual differences in children’s arithmetical competence and how 
this association is modulated by operation.  
Our specific attention to arithmetic is guided by different observations. First, arithmetic represents an 
important part of the children’s curriculum at school and is a critical building block for subsequent 
mathematical skill development (Kilpatrick et al., 2001). By focusing on school-taught skills, such as 
arithmetic, the current study also adds to a growing body of data that include neural measures of 
school-taught performance, thereby contributing to the goals of the emerging field of Educational 
neuroscience (e.g., Goswami and Szucs, 2011). Second, a growing body of evidence points to deficits 
in arithmetic fact retrieval, or difficulties in direct retrieval of the answer from long-term memory, as a 
core deficit in children with mathematical learning disabilities or dyscalculia (e.g., Geary, 2004, 2010; 
Jordan et al., 2003). Lastly, most of the existing developmental behavioral (Geary, 2004, 2010; Jordan 
et al., 2003) and neuroimaging data (Arsalidou and Taylor, 2011; Kaufmann et al., 2011) about 
children’s mathematical competence have focused on fact retrieval. As a consequence, the broad 
behavioral knowledge of arithmetic coupled with on the other hand, an understanding of the activation 
of the fronto-parietal network during arithmetic, have provided ground for the current structural neuro-
imaging research about arithmetic.  
 
Over the last two decades, the development of fMRI has greatly increased our knowledge about the 
brain regions involved in arithmetic. In adults, the ability to solve arithmetic problems relies on a 
5 
 
network of both frontal and temporo-parietal brain areas (Ansari, 2008; Arsalidou and Taylor, 2011; 
Dehaene et al., 2003; Kaufmann et al. 2011; Menon et al., 2000a; Zamarian et al., 2009). The 
involvement of frontal areas does not appear to be specific to arithmetic processing. These frontal 
areas are believed to relate to executive functions and have mainly an auxiliary role in the maintenance 
of intermediate mental operations in working memory (Christoff and Gabrieli, 2000; Fehr et al., 2007; 
Owen et al., 2005). By contrast, parietal regions such as the bilateral intraparietal sulci (IPS), left 
angular and supra-marginal gyri, appear to be more specifically related to arithmetic processing. The 
IPS are found to be important for manipulation of quantity representations (Arsalidou and Taylor, 
2011; Dehaene et al., 2003; Menon et al., 2000a). The more language related areas, including the left 
temporo-parietal cortex (including the angular gyrus, supra-marginal gyrus and posterior temporal 
cortex) and the left inferior frontal gyrus (IFG), are engaged during retrieval of verbally stored 
arithmetic facts (such as the multiplication tables) from long-term memory (Dehaene et al., 2003; 
Delazer et al., 2003; Prado et al., 2011; Rosenberg-Lee et al., 2011). 
 
Adult fMRI data have shown that the activation in the abovementioned fronto-parietal network during 
arithmetic is modulated by operation (e.g., Fehr et al., 2007; Prado et al., 2011; Zhou et al., 2007). 
More specifically, fMRI data have demonstrated a dissociation between subtraction and 
multiplication. On the one hand, it has been shown that the IPS is more related to subtraction 
compared to multiplication (Chochon et al., 1999; Fehr et al., 2007; Kawashima et al., 2004; Lee, 
2000; Piazza et al., 2007; Schmithorst and Brown, 2004; Simon et al., 2002). On the other hand, 
multiplication tasks have been shown to rely more on left temporo-parietal regions linked to verbal 
processing (Chochon et al., 1999; Delazer et al., 2003; Ischebeck et al., 2007; Jost et al., 2009; Lee, 
2000; Prado et al., 2011; Schmithorst and Brown, 2004; Zhou et al., 2007). In line with all these 
findings in healthy adults, lesion studies with brain-injured patients suffering from difficulties in 
arithmetic have demonstrated a double dissociation between subtraction and multiplication. In 
particular, lesions in the left perisylvian cortex resulted in impairments in multiplication but not in 
subtraction, whereas lesions to regions of the intraparietal cortex were associated with difficulties with 
subtraction but not with multiplication (e.g., Cohen et al., 2000; Dehaene and Cohen, 1997).  
 
The engagement of different neural networks for different operations likely reflects the use of different 
strategies (Barrouillet et al., 2008; Campbell and Xue, 2001; Chochon et al., 1999; Grabner et al., 
2009; Imbo and Vandierendonck, 2008; Lee, 2000). Additions and multiplications are usually solved 
by means of highly automated calculation, such as fact retrieval. The left perisylvian cortex (i.e. 
angular and supra-marginal gyri) is a key region for retrieval of memorized facts from long-term 
memory (Grabner et al., 2009). Accordingly the left angular and supra-marginal gyri have been put 
forward as important underlying neural substrates for addition and multiplication (Chochon et al., 
1999; Lee, 2000; Rickard et al., 2000). In contrast, subtractions and divisions are more often solved by 
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more quantity-based procedural strategies with the engagement of IPS and the superior parietal lobe 
(Chochon et al., 1999, Kazui et al., 2000; Lee, 2000).  
 
At behavioral level large individual differences in learning arithmetic have been observed (Dowker, 
2005). More recently, neuroimaging studies have started to uncover the neural basis of these 
individual differences. Menon et al. (2000b) compared a group of perfect performers with a group of 
non-perfect performers on an arithmetic verification task with simple addition and subtraction. The 
authors found less activation within the left angular gyrus for perfect performers compared with non-
perfect performers. In contrast, Grabner et al. (2007) found that adults of higher mathematical 
competence recruited to a greater extent the left angular gyrus during multiplication than less 
competent adults. These findings fit well with results of adult training studies, where young adults 
were trained for arithmetic problems and subsequently were compared for trained and untrained 
problems (Delazer et al., 2003, 2005; Grabner et al., 2009; Ischebeck et al., 2006, 2007, 2009). These 
studies found that increased proficiency with trained problems was associated with decreased 
activation in frontal areas and IPS and increased activity in the angular gyrus. On the one hand, these 
training studies show that expertise is associated with a greater involvement of inferior parietal areas 
(e.g., angular gyrus), which reflects a shift from effortful calculation to result retrieval from memory. 
On the other hand, expertise is linked to a decrease of activation within frontal brain areas, which 
reflects a diminished reliance on working memory and attentional resources.  
 
Compared with the number of published studies investigating the neural correlates of arithmetic in 
healthy adults and patients, relatively few investigations have been performed with children. 
Moreover, data from studies of arithmetic processing in children have been less consistent. Most of the 
existing developmental studies have examined brain activation only during small additions. Available 
findings from these studies suggest that like adults children activate a fronto-parietal network during 
calculation tasks (Ansari et al., 2005; Ansari and Dhital, 2006; Davis et al., 2009; Kawashima et al., 
2004; Kucian et al., 2008; Meintjes et al., 2010, for a recent review see Ashkenazi et al., 2013). 
Predominantly activations in prefrontal and inferior parietal brain regions have been observed. 
However, direct comparisons between adults and children revealed significant differences in the level 
of activations in frontal and parietal cortices. In particular, with experience and learning, there is 
decreased dependence on the prefrontal cortex and greater reliance on posterior parietal regions, 
including IPS (Ansari and Dhital, 2006; Cantlon et al., 2006; Davis et al., 2009; Kawashima et al., 
2004). To the best of our knowledge, only one fMRI study specifically investigated the effect of 
arithmetic operation on brain activity in children (De Smedt et al., 2011). These authors examined the 
brain response to addition and subtraction in children aged 10–12 years. Commensurate with adult 
data, subtractions activated a fronto-parietal network, including IPS. Different from the adults, 
however, the left hippocampus rather than the (left) angular gyrus was more active during addition 
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than during subtraction. The authors suggested that this region would especially be important in 
arithmetic for those problems that could be expected to be solved by fact retrieval, at least in the early 
stages of learning to retrieve arithmetic facts. This is in line with data by Cho et al. (2011, 2012), who 
investigated neurodevelopmental changes associated with increased use of fact retrieval strategies in 
7- to 9-year-old children. They demonstrated that increased use of retrieval strategies in young 
children was associated with greater activation of prefrontal (i.e. left ventrolateral prefrontal and 
bilateral dorsolateral prefrontal cortex) and hippocampal regions. Consistent with this, Rivera et al. 
(2005) reported that the fronto-parietal arithmetic network in children is subject to age-related changes 
due to a strategy shift from effortful procedures to memory-based problem-solving with age. In 
particular, their developmental data provided evidence for an increased functional specialization of 
number-relevant areas (i.e. the left parietal cortex) in arithmetic along with an attenuation of activation 
in general-purpose areas (i.e. prefrontal areas) with age or growing expertise in arithmetic. These 
findings fit well with results of the abovementioned adult training studies, which showed that 
increased proficiency with trained problems was associated with decreased activation in frontal areas 
and IPS and increased activity in the angular gyrus .   
 
Against the background of the studies reviewed above, it is clear that becoming skilled in arithmetic 
requires an adequate collaboration of the distant frontal and temporo-parietal regions involved in 
arithmetic. This implies an adequate communication between these cortical regions through white 
matter connections. DTI data have been used to identify and quantify these white matter connections 
and have become an important tool for relating individual differences in brain structure to cognitive 
functions, such as reading (Vandermosten et al., 2012b, for a review), working memory (e.g., Nagy et 
al., 2004) and (high-school) mathematics (e.g., Matejko et al., 2013). DTI is a MR technique which is 
sensitive to diffusion of water molecules in the brain (Basser et al., 1994; Beaulieu, 2002; Le Bihan et 
al., 2001; Mukherjee et al., 2008). In grey matter and cerebrospinal fluid, diffusion occurs almost 
equally in all directions due to few boundaries. These tissues, where diffusion is more a random 
process, are called isotropic. In contrast, white matter can be considered to be highly anisotropic 
because water has strong directional dependence due to the presence of myelin sheaths and cell 
membranes. In particular, diffusion across the axon is significantly smaller than diffusion along the 
axon. This anisotropy is exploited in DTI to get insight in the white matter microstructural anatomy of 
the brain. The measurement of fractional anisotropy (FA), an index of the degree of directionality of 
diffusion that is determined by both microscopic factors, such as myelination (Mori, 2007) and 
macroscopic factors, such as crossing fibers, is commonly used and has been successful in identifying 
the neuro-anatomical correlates of cognitive functions, such as working memory (e.g., Olesen et al., 
2003), intelligence (e.g., Schmithorst et al., 2005) and reading (Vandermosten et al., 2012b, for a 
review).  
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Previous developmental DTI research in the field of mathematics learning has primarily focused on 
the association between mathematics and diffusion parameters in atypical populations, such as 
dyscalculia (Rykhlevskaia et al., 2009), fetal alcohol spectrum disorder (Lebel et al., 2010), and 
velocardiofacial syndrome (Barnea-Goraly et al., 2005). These studies suggest that individual 
differences in numerical and mathematical performance may be related to left frontal and parietal 
white matter structures and specific white matter tracts connecting these regions, e.g., white matter 
adjacent to the left IPS, supramarginal and angular gyri, the left superior longitudinal fasciculus, left 
corticospinal tract and corpus callosum (Barnea-Goraly et al., 2005; Lebel et al., 2010; Rykhlevskaia 
et al., 2009). However, some studies demonstrated that white matter in the right hemisphere might be 
involved in mathematics as well. For example, Rykhlevskaia et al. (2009) investigated a sample of 
children with developmental dyscalculia and observed deficits in right hemisphere temporo-parietal 
white matter and pathways associated with it, including the inferior fronto-occipital fasciculus and the 
inferior longitudinal fasciculus. Likewise, Till et al. (2011) found significant correlations between 
calculation scores and white matter in right frontal and parietal regions in multiple sclerosis patients.  
 
Overall, there is some developmental evidence from atypically developing children to suggest that left 
frontal and parietal white matter structures are important for numerical and mathematical processing. 
Additionally, DTI data from healthy adolescents and adults have also significantly added to our 
understanding of the underlying neural correlates of mathematics. Van Eimeren et al. (2010) combined 
DTI and fMRI data while adult participants performed a mental arithmetic task. They found a 
correlation between white matter integrity in the left temporo-parietal cortex (i.e. left superior corona 
radiata) and activity of the left angular gyrus, which was particularly strong during problems that have 
a high probability of being solved by arithmetic fact retrieval. More recently, Matejko et al. (2013) 
observed in 17-18-year-old adolescents a significant association between left parietal white matter and 
individual differences in the math scores of the Preliminary Scholastic Aptitude Test, a college entry 
exam, and this association remained when age and reading scores were controlled for. Although these 
studies in healthy adolescents and adults provided evidence for the involvement of a structural fronto-
parietal white matter network in mathematics, these findings cannot be readily generalized to typically 
developing children.  
To date, little is known about the relationship between white matter and arithmetical competence in 
typically developing children, with only two DTI studies published. Van Eimeren et al. (2008) found 
correlations between FA in left temporo-parietal regions, such as the superior corona radiata and left 
inferior longitudinal fasciculus, with children’s written arithmetical ability. Tsang et al. (2009) used 
DTI tractography in typically developing children (10-15 years) to examine the association between 
white matter and arithmetical skills. Up to now, this study of Tsang et al. (2009) is the only 
tractography study in research on mathematical learning. DTI tractography has the unique ability to 
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delineate in vivo specific white matter pathways between distant cortical brain regions, such as the 
frontal and temporo-parietal regions that are active during arithmetic. The main advantage of region of 
interest (ROI) based tractography, as used by Tsang et al. (2009), lies in its high sensitivity to subtle 
differences (for a description of strengths and weaknesses of different DTI-methods see Cercignani, 
2010). Compared to tract-based spatial statistics (TBSS), which has been introduced to overcome 
accuracy problems of voxel-based analysis due to imperfect registration and smoothing, tractography 
has the advantage of extending the analysis to the entire tract volumes, and not only to the central 
skeleton line. This allows a more comprehensive evaluation of white matter tracts. However, for a 
reliable and reproducible positioning of ROIs, knowledge of basic anatomy and definition of clear 
guidelines is required. These are not numerous, but some published guidelines do exist (Catani and de 
Schotten, 2008; Wakana et al., 2007). Moreover, ROI-based tractography requires a strong a priori 
hypothesis about the location of interest. In spite of these disadvantages, ROI- based tractography is 
recommended when the researcher is interested in small differences in well-defined brain areas.  
 
Tsang et al. (2009) found that FA of the left arcuate fasciculus-anterior, referred to these authors as the 
anterior superior longitudinal fasciculus, was correlated with approximate addition, but not with 
approximate multiplication, exact addition or written math ability. However, Tsang et al. (2009) 
sampled children of a broad age range, i.e. 10-15 years. Although the authors controlled for age in 
their analysis, it is not clear whether the same findings can be replicated in a group children of a more 
narrow age. Moreover, Tsang et al. (2009) mainly focused on addition. However, the fMRI studies in 
both adults and children reviewed above indicated that the arithmetic fronto-parietal network is 
modulated by operation. Given that the four basic arithmetic operations rely on different strategies and 
are associated with the engagement of different neural networks, differences between numerical 
operations can be expected. Against this background, this study is set out to investigate whether 
correlations between fronto-parietal white matter and arithmetical competence diverge as function of 
operation. 
 
The present study 
To address these outstanding questions, we aimed to extend the current understanding of the neuro-
anatomical correlates of arithmetic in children by conducting a DTI tractography study. In particular, 
we wanted to examine the association between individual differences in mathematics achievement and 
the quality of the white matter pathways that connect frontal and temporo-parietal regions that are 
active during arithmetic. Against the background of fMRI studies that show that this arithmetic 
network is modulated by operation, we further aimed to verify whether the abovementioned 
association was modulated by the type of operation. The bundle of white matter pathways with 
projections to frontal, parietal, and temporal lobes, has been referred to as the arcuate fasciculus 
(Catani et al., 2005) or the superior longitudinal fasciculus (Oishi et al., 2011; Wakana et al., 2007) 
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(see Dick and Tremblay (2012), who reviewed the consensus and controversy in the definitions of the 
superior longitudinal fasciculus and arcuate fasciculus). Catani et al. (2005) demonstrated that the 
arcuate fasciculus consists of three distinct segments: (i) a long segment connecting frontal and 
temporal lobes located medially (arcuate fasciculus – direct, AFdirect); (ii) an anterior lateral segment 
connecting frontal and inferior parietal cortex (arcuate fasciculus – anterior, AFanterior); and (iii) a 
posterior lateral segment connecting temporal and inferior parietal cortex (arcuate fasciculus – 
posterior, AFposterior). These three separate segments may be differentially related to different 
arithmetic operations. Therefore, in line with Catani et al. (2005) we will use the term arcuate 
fasciculus and its subdivision to refer to this bundle of pathways connecting frontal, parietal and 
temporal areas that are often active during calculation tasks. In fact, there are three main reasons why 
we focus on the arcuate fasciculus. First, this bundle connects different important components of the 
arithmetic network. Second, to the best of our knowledge only one study (Tsang et al., 2009) in 
arithmetic explicitly delineated the arcuate fasciculus using tractography. The current study builds on 
these data but further extends this study by examining in a more narrow age range how the three 
subcomponents of the arcuate fasciculus relate to different arithmetical operations. As mentioned 
earlier, it is important to structurally subdivide the arcuate fasciculus into its three components 
because each of them may yield distinct functions. However, Tsang et al. (2009) only delineated the 
arcuate fasciculus-anterior, which these authors denoted by the anterior superior longitudinal 
fasciculus, as tract of interest and the arcuate fasciculus-direct, which these authors referred to as the 
arcuate fasciculus, as control tract. Third, the role of the arcuate fasciculus in reading, especially in 
initial stages of reading, or phonological decoding, such as reading of unfamiliar words or non-words,  
is well documented (Vandermosten et al., 2012a; Yeatman et al., 2011). Also imaging data have 
pointed to the activation of a left fronto-temporo-parietal network during reading tasks, especially 
when appealing to phonological skills, i.e. during reading of unfamiliar letter strings, such as non-
words, and at the initial stages of reading development (Cohen et al., 2008; Pugh et al., 2000; Simos et 
al., 2002). Finally, neuroimaging studies have shown a neural overlap between reading and arithmetic 
in the left temporo-parietal cortex (Dehaene et al., 2003; Pugh et al., 2001) and it has been suggested 
that some arithmetic operations, such as multiplication, might require phonological processing (e.g. 
Dehaene et al. 2003). In light of this, it is important to examine the role of the arcuate fasciculus in 
arithmetic. 
 
In the present study, we delineated according to validated protocols (Catani et al., 2005; Catani and de 
Schotten, 2008; Wakana et al., 2007) the three segments of the arcuate fasciculus in both the left and 
right hemisphere in typically developing 12-year-olds. FA values were extracted and correlated with 
measures of children’s arithmetical achievement scores which varied as function of arithmetic 
operation, i.e. addition, multiplication, subtraction and division scores. The specificity of the findings 
was further investigated by including age, intelligence and working memory as covariates in the 
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analyses. Given that the four basic arithmetic operations are associated with the engagement of 
different neural networks, we expected differences between numerical operations. More precisely, 
based on previous literature that the arcuate fasciculus projects to the inferior parietal cortex (e.g., 
angular and supra-marginal gyri) and posterior parts of the superior and middle temporal gyrus, and 
not to superior parietal cortex (e.g., IPS), we hypothesized that white matter in the arcuate fasciculus 
would be related to addition and multiplication, but not to subtraction and division scores.  
Because the left arcuate fasciculus and temporo-parietal cortex are implicated in reading ability, we 
also investigated whether the observed pattern of findings remained when reading ability was 
additionally controlled for. To this end, we administered two measures of reading ability, i.e. a test of 
word reading (Brus and Voeten, 1979) and a test of pseudo-word reading (van den Bos et al., 1994). 
The distinction between the two reading tests is particularly relevant because it has been proposed that 
reading is subserved by two distinct neural circuits (in the left hemisphere) that are related to the use 
of different reading strategies: (i) a ventral orthographic route, which is related to the direct 
recognition of words and (ii) a dorsal phonological route, which involves the grapheme-to-phoneme 
mapping or phonological decoding (Jobard et al., 2003; Sandak et al., 2004; Schlaggar and 
McCandliss, 2007). The ventral orthographic route, situated in the left ventral occipito-temporal cortex 
near the fusiform gyrus, is recruited for visual word processing, i.e. when the visual input is directly 
decoded , a route that is used for reading familiar words (Cohen et al., 2008; Pugh et al., 2000; Sandak 
et al., 2004; Simos et al., 2002). By contrast, the phonological route taps more in to phonological 
processing because the graphemes of a word need to be mapped (one-by-one) onto phonemes. This 
route involves the recruitment of left fronto-parietal networks and is typically required for reading 
unfamiliar letter strings, such as nonwords, and at the initial stages of reading development (Cohen et 
al., 2008; Pugh et al., 2000; Simos et al., 2002). Against this background, we selected two reading 
tests, one that relied more on visual word processing, i.e. the word decoding test, and one that relied 
more on phonological processing, i.e. the pseudo-word reading test. Including the two reading tests 
allowed us to verify whether the observed association could be explained by reading ability in general 
or more specifically by phonological processing.  
 
2. Methods 
 
2.1. Participants 
Twenty-five typically developing children participated in this study. Due to excessive movement 
artefacts (n = 2), technical acquisition problems (n = 1), claustrophobia (n = 1) and left-handedness 
(n = 3) we had to exclude seven children from the analyses. The final sample consisted of 18 children 
(M = 12.0 years; SD = 0.4; age range 11.5 – 12.9 years; 8 boys). All included participants were 
healthy, native Dutch speakers, predominantly right-handed as assessed by the Edinburgh Handedness 
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Inventory (Oldfield, 1971). They all had normal intelligence (IQ > 85; M = 108; SD = 12) as 
determined by an abbreviated version of the Dutch Wechsler Intelligence Scale for Children, Third 
Edition (WISC-III-NL; Kort et al., 2005). All children had normal or corrected-to-normal vision. The 
parents of the children did not report any history of neurologic problems, psychiatric disorders or 
learning difficulties. Children were recruited from schools in and around Leuven, Belgium. The study 
was approved by the local Ethical Board and written informed consent according to the Declaration of 
Helsinki was obtained from the children as well as their parents. We initially explored whether there 
were any gender differences in the current data. There were no differences between boys and girls for 
all variables under study (all ps > .061). 
 
2.2. Behavioral measures 
 
2.2.1. Arithmetical competence 
Arithmetical competence was measured by the Tempo Test Arithmetic (De Vos, 1992). This 
standardized paper-and-pencil achievement test consists of several subtests that require elementary 
computations. Each subtest involves only one arithmetic operation, i.e. addition, subtraction, 
multiplication or division, and consists of 40 items of increasing difficulty. The child was given one 
minute for each subtest and had to solve as many problems as possible within that minute. 
Performance on each subtest was the total of the correctly solved problems for that operation. The 
maximum score for each subtest was 40.  
2.2.2. Intellectual ability 
Children were assessed with an abbreviated version of the Dutch Wechsler Intelligence Scale for 
Children, Third Edition (WISC-III-NL; Kort et al., 2005) to estimate their IQ. The Vocabulary and 
Block Design subtests were administered and the scores on these subtests were combined into a full 
scale IQ (Sattler, 2001).  
2.2.3. Working memory 
Visuo-spatial and verbal-auditory working memory were assessed by four different tasks that are 
commonly used in research in children (e.g., De Smedt et al., 2009; Gathercole et al., 2004). These 
tasks were drawn from the Working Memory Test Battery for Children (Pickering and Gathercole, 
2001). Visuo-spatial working memory was assessed by forward and backward Block Recall, whereas 
verbal-auditory working memory was assessed by forward and backward Digit Recall. In each of the 
working memory tasks the child was asked to repeat a sequence of test items to the researcher. In the 
forward tasks children had to repeat items in the same order as presented, whereas in the backward 
tasks children had to produce the items in the reverse order as presented. In the Digit Recall tasks 
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sequences of random digits were presented verbally and the child was asked to verbally repeat them in 
either the same or reverse order as presented. In the Block Recall task a set of identical blocks were 
placed between the researcher and child, with the former tapping the blocks in sequences that the child 
was required to copy in either the same or reverse order. For each task blocks of three trials of a 
particular sequence length were used. If a child made two errors in a block the task was ended. The 
score of each working memory task was based on the total number of correct trials that could be 
recalled by the child. The total working memory score, i.e. the sum of scores on the four tasks was 
used as covariate in the correlation analyses.  
2.3. Reading ability 
Two tests for reading, i.e. a word (Brus and Voeten, 1979) and pseudo-word reading test (Van den Bos 
et al., 1994), were administered. Both tests required the speeded reading of lists of words/pseudo-
words of increasing difficulty. The score on the word reading test was the number of real words read 
correctly in one minute, whereas the score on the pseudo-word reading test was the number of pseudo-
words read correctly in two minutes. It should be noted that these reading data were collected 15 
months after other behavioral and DTI data. While this might be a potential limitation to our study, 
this gap in time probably not affects our findings because scores on the two reading tests do not 
change dramatically within one year after the age of 12 (Van den Bos et al., 1994). 
 
2.4. DTI acquisition and analysis 
All participants underwent MRI examination on a 3T system (Philips Achieva, Best, The 
Netherlands). The DTI data were acquired using a single spin shot EPI with SENSE acquisition. DTI 
images covering the entire brain and brainstem were acquired with the following parameters: 68 
contiguous sagittal slices, slice thickness = 2.2 mm, voxel size = 1.96 × 1.96 × 2.2 mm
3
, repetition 
time (TR) = 11043 ms, echo time (TE) = 55 ms, field-of-view (FOV) = 220 × 220 mm
2
, matrix 
size = 112 × 109 and acquisition time = 10 min 34 s. Diffusion gradients were applied along 45 non-
collinear directions (b = 800 s/mm
2
) and one nondiffusion-weighted image was acquired.  
Raw diffusion MR data were transferred to an offline workstation. All images were first visually 
checked for possible artifacts and participants whose images were of poor quality were removed 
(n = 2). Further preprocessing was done using ExploreDTI (Leemans et al., 2009). The preprocessing 
involved (i) correcting for eddy current distortion and subject motion; (ii) diffusion tensor estimation 
using a non-linear least square method, and (iii) whole brain tractography for each DTI data set using a 
uniform 2 mm seed point resolution, FA threshold of .2 to seed and end tracking, angle threshold of 
40°, and fiber length range of 50-500 mm.  
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Tractography was done with the TrackVis software (Wang and Wedeen, 2007). We delineated the 
tracts of interest in native space in order to avoid artifacts due to normalization. As mentioned in the 
introduction, the three segments of the arcuate fasciculus were reconstructed. To reconstruct these 
tracts, we defined the ROIs according to the available validated protocols for delineation of the arcuate 
fasciculus (see Fig. 1; Catani et al., 2005; Catani and de Schotten, 2008; Wakana et al., 2007). This 
approach has been applied successfully in previous research (Vandermosten et al., 2012a). In line with 
Catani et al. (2005), we subdivided the arcuate fasciculus in three distinct segments: (i) AFdirect (red 
fibers in Fig. 1); (ii) AFanterior (green fibers in Fig. 1); and (iii) AFposterior (yellow fibers in Fig. 1). 
The three segments of the arcuate fasciculus were delineated both in the left and right hemispheres. 
We were able to delineate the three segments of the arcuate fasciculus in all children, except for the 
right AFdirect, which was only found in 11 of the 18 subjects (61%). This is consistent with previous 
studies (Catani et al., 2007). For each of the tracts the FA values were extracted for every subject. To 
assess the reproducibility of the tractography, the delineation of the arcuate fasciculus was performed 
by two independent and experienced raters. We observed high inter-rater reliability as indicated by a 
FA intra-class correlation coefficient >.94. Against this background, the average FA across the two 
raters was used in all subsequent analyses. In order to take into account individual differences in the 
estimation of the diffusion tensor, we calculated an index of goodness of tensor estimation fit and 
included it as a covariate in the correlational analyses. This index represents the mean residual of all 
the diffusion weighted images, i.e. absolute residual value to the tensor fit (the lower the value, the 
better the fit).  Thus by including this value (mean chi-square) as a covariate, we take into account 
subtle noise differences between subjects, which may influence the tensor fitting and eventually the FA 
value. In the manual of ExploreDTI (Leemans et al., 2009) this metric is part of the standard protocol 
to assess the quality of the DTI-data. Several other DTI-researchers have also applied this metric, 
which can be considered to indicate the quality of DTI data acquisition, as a covariate in their 
correlational analyses (e.g., Deprez et al., 2012; Vandermosten et al., 2012). 
 
In the initial analysis, scores on the arithmetical achievement test were correlated with the extracted 
mean FA values of each tract. Secondly, partial correlations that additionally controlled for the effects 
of chronological age, intelligence, and working memory were run between the arithmetic scores and 
the extracted FA values. This was done to reduce the likelihood that the observed associations between 
FA values and arithmetic were explained by age or domain-general cognitive skills. Finally, we 
verified whether the observed correlations remained or disappeared, when different types of reading 
ability were additionally taken into account. In all correlational analyses, Bonferroni adjustments were 
made to account for multiple comparisons. 
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Fig. 1. TrackVis example of fibertracking of the three subcomponents of the arcuate fasciculus (AF) in one 
subject in native space on sagittal fractional anisotropy data.  
 
3. Results 
The performance scores on the four subtests of the arithmetical achievement test were: addition 
(M = 31, SD = 3, range 25 - 34), subtraction (M = 28, SD = 3, range 24 - 32), multiplication (M = 27, 
SD = 4, range 19 - 32) and division (M = 27, SD = 3, range 20 - 33). No ceiling effects occurred as 
none of the children answered all 40 problems for a given operation within the time limit. Descriptive 
statistics on fractional anisotropy are displayed in Table 1.  
 
Table 1. Fractional anisotropy (FA) of the three subcomponents of the arcuate fasciculus (AF) 
 M (SD) 
Left AFdirect .517 (.026) 
Left AFanterior .476 (.026) 
Left AFposterior .488 (.022) 
Right AFdirect .481 (.031) 
Right AFanterior .474 (.028) 
Right AFposterior .478 (.022) 
  
 
For the correlation of FA with arithmetical competence, Pearson correlations between FA values of 
the different tracts and arithmetic scores were calculated. Significant associations between FA in the 
left arcuate fasciculus-anterior and addition and multiplication were found, indicating that larger FA 
values were associated with better arithmetical performance (see Table 2 and Fig. 2). Subtraction and 
division were not significantly correlated with FA in the left arcuate fasciculus-anterior. There were no 
significant associations between FA values in the direct or posterior part of the arcuate fasciculus and 
arithmetical competence.  
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Table 2. Pearson partial correlations (controlled for quality index of DTI acquisition) between mean FA and 
arithmetical competence  
  Arithmetical competence 
  Addition Subtraction Multiplication Division 
Left AF Direct .409 -.011 .470 .202 
 Anterior .704** .219 .722** .353 
 Posterior .294 -.076 .269 -.144 
      
Right AF  Direct .166 -.155 .191 .185 
 Anterior .395 .215 .384 .143 
 Posterior .259 -.185 .303 .097 
** Bonferroni corrected p < .01; AF = arcuate fasciculus 
 
 
Fig. 2. Correlations between (residual) FA value of the arcuate fasciculus-anterior (AFanterior) and (residual) 
arithmetical competence after controlling for quality index of DTI acquisition. The solid line represents 
the linear regression for this relationship. Correlations for addition and multiplication were significant 
(p < .01, Bonferonni corrected), whereas the associations for subtraction and division were not 
significant (ps > .268). 
 
We further evaluated whether the observed significant correlations for addition and multiplication 
were not just an effect of task difficulty or subtest differences in arithmetical performance. A one-way 
ANOVA with operation as within-subject factor revealed that the average performance differed 
between the four subtests (F(3,68) = 6.026; p < .01). Post-hoc comparisons using the Tukey HSD test 
indicated that only addition was significantly different from multiplication (p = .001) and division 
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(p = .005), but from subtraction (p = .064). The multiplication score did not significantly differ from 
subtraction (p = .554) or division (p = .983). These analyses indicate that while there were significant 
differences as function of task, the scores on the subtests correlated with FA, i.e. addition and 
multiplication, were not significantly higher than those on subtests that were not correlated with FA, 
i.e. subtraction and division. This all indicates that the observed correlations are not merely explained 
by recourse to task difficulty. 
 
We also investigated the specificity of the observed correlations between the arcuate fasciculus-
anterior and addition/multiplication by applying statistical comparisons of the observed correlations in 
Table 2. This was done by using the William-Steiger test for comparing correlations within a 
population. Firstly, we explored whether the correlations between left arcuate fasciculus-anterior and 
the different operations were significantly different from one another. These analyses revealed that the 
significant correlations for addition and multiplication were significantly larger than the (non-
significant) correlations observed for subtraction and division (all ts > 2.647, all ps < .019). This all 
indicates that the association between arithmetic and FA in the left arcuate fasciculus-anterior seems to 
be specific for addition and multiplication. Secondly, we also checked whether the observed 
significant correlations between addition/multiplication and the left arcuate fasciculus-anterior were 
specific for the left hemisphere. Again, we performed a William-Steiger test and this test revealed that 
the significant correlations on the left hemisphere were statistically different from all non-significant 
correlations in the right hemisphere (all ts > 2.210, all ps < .043). Finally, we also verified whether 
significant correlations in the anterior part were statistically different from the remaining non-
significant correlations in other subcomponents of the arcuate fasciculus. William-Steiger tests 
revealed that the observed significant correlations for addition/multiplication in the left arcuate 
fasciculus-anterior were indeed statistically different from the non-significant correlations in the direct 
and posterior part of the arcuate fasciculus (all ts > 2.210, all ps < .043), except for the left arcuate 
fasciculus-direct-addition correlation which was only marginally different from the left arcuate 
fasciculus-anterior-addition correlation (t = 1.830, p = .087). Overall these results indicate that the 
observed correlations between addition/multiplication and the left arcuate fasciculus-anterior are 
significantly different from the associations with subtraction/division. These data also indicate that this 
pattern of findings is not observed in the right hemisphere or adjacent subcomponents of the arcuate 
fasciculus. In other words, these findings demonstrate the anatomical specificity of the arithmetic 
correlation found in the left arcuate fasciculus-anterior.  
 
Because the observed associations could be due to differences in general cognitive abilities, we tested 
the possibility that the observed correlations were explained by shared variance between 
addition/multiplication and other cognitive abilities, such as intelligence and working memory, or age. 
When additionally controlled for age, IQ and working memory the observed correlations between FA 
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in the arcuate fasciculus-anterior and addition (r = .721, Bonferroni corrected p = .004) and 
multiplication (r = .746, Bonferroni corrected p = .002) remained significant. Also, the 
abovementioned comparisons of correlations to test for the anatomical specificity of the observed 
correlations with arithmetic in the left arcuate fasciculus-anterior remained the same when age, IQ and 
working memory were additionally controlled for. 
 
Finally, we investigated whether the observed relationship between the left arcuate fasciculus-anterior 
and addition/multiplication could be explained by differences in reading abilities. This was done by 
controlling the correlation between FA in the left arcuate fasciculus-anterior and addition and 
multiplication for both measures of reading ability separately. Interestingly, the observed correlations 
between FA of the arcuate fasciculus-anterior and addition (r = .711, Bonferroni corrected p < .01) and 
multiplication (r = .734, Bonferroni corrected p < .01) remained significant when additionally 
controlled for word reading. However, when pseudo-word reading was taken into account, the 
observed correlations for addition (r = .469, p > .05) and multiplication (r = .526, p > .05) disappeared. 
These data suggest that the observed associations between left arcuate fasciculus-anterior and 
addition/multiplication, might be explained by the common involvement of phonological processes.  
 
4. Discussion 
We used DTI tractography in a sample of typically developing children of a very narrow age range to 
evaluate the hypothesis that individual differences in children’s arithmetical competence are associated 
with white matter pathways connecting regions of the fronto-parietal arithmetic network, and explored 
how this association is modulated by arithmetic operation. More specifically, we investigated which of 
the four basic arithmetic operations (i.e. addition, multiplication, subtraction and division) was 
associated with fractional anisotropy of the arcuate fasciculus, subdivided into its three 
subcomponents (i.e. direct, anterior and posterior part). Our results showed a link between fractional 
anisotropy of the left anterior part of the arcuate fasciculus, which directly connects frontal and 
inferior parietal areas, and individual differences in children’s arithmetical competence. This 
association was specifically observed for addition and multiplication, but not for subtraction and 
division. 
 
Over the last decades, converging evidence has identified a fronto-parietal network during arithmetic, 
comprising distant frontal and temporo-parietal regions (Ansari, 2008; Arsalidou and Taylor, 2011; 
Zamarian et al., 2009). In addition to the growing body of functional neuroimaging studies underlying 
arithmetic, there is an increasing interest in investigating underlying white matter structures that 
connect the different areas of this arithmetic network (Tsang et al., 2009; van Eimeren et al., 2010). 
We used DTI tractography to further unravel specific neuroanatomical correlates of arithmetic. Based 
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on functional neuroimaging data and previous DTI findings, we had a strong a priori hypothesis about 
the location of interest, i.e. the arcuate fasciculus, a bundle of pathways connecting frontal, parietal 
and temporal regions of the arithmetic network. DTI tractography is often avoided due to lack of 
knowledge about basic anatomy or clear guidelines for delineation of the tracts of interest. However, 
for delineation of the arcuate fasciculus published guidelines with validated protocols do exist (Catani 
et al., 2005; Catani and de Schotten, 2008; Wakana et al., 2007). Current DTI tractography methods 
require the delineation of ROIs as starting ‘seed points’ for tracking (Jones, 2008). We defined our 
ROIs manually based on the aforementioned available guidelines for the arcuate fasciculus (Catani et 
al., 2005; Catani and de Schotten, 2008; Wakana et al., 2007). 
 
What can be inferred from the results? First, we demonstrated that fronto-parietal white matter is 
strongly related to individual differences in children’s arithmetical competence. This finding is 
consistent with previous DTI studies in mathematics, which predominantly observed associations 
between mathematics and diffusion parameters in frontal and parietal regions (Barnea-Goraly et al., 
2005; Matejko et al., 2013; Lebel et al., 2010; Rykhlevskaia et al., 2009; Till et al., 2011; Tsang et al., 
2009; van Eimeren et al., 2010). The present results demonstrate that the brain-behavior relationships 
observed in these previous studies are not restricted to atypically developing children (Barnea-Goraly 
et al., 2005; Lebel et al., 2010; Rykhlevskaia et al., 2009; Till et al., 2011), children of a broad age 
range (Tsang et al., 2009; van Eimeren et al., 2010) or adults (Matejko et al., 2013), but remain 
evident in typically developing 12-year-olds. Similar to Tsang et al. (2009), who also used 
tractography, we found a relationship between fractional anisotropy of the arcuate fasciculus-anterior 
and arithmetic. However Tsang et al. (2009) only found a correlation with approximate addition and 
failed to find any correlations between the arcuate fasciculus-anterior and measures of exact 
arithmetic. By contrast, the findings of the present study revealed a correlation between the arcuate 
fasciculus-anterior and exact arithmetic. It is important to note that the methods used in both studies 
differed in several ways, which may have led to conflicting data about exact arithmetic. First, it is 
important to emphasize that both studies used different types of tasks to measure exact arithmetic. 
Tsang et al. (2009) administered verification tasks, whereas the present study used production tasks. 
As a consequence children in both studies may have solved the arithmetic problems by different 
strategies. For example, in Tsang et al. (2009) children may have used parity-checking or plausibility-
checking solving strategies rather than explicitly calculating or retrieving the solution. Moreover, the 
tasks used by Tsang et al. (2009) were untimed. Children in their study received six seconds for each 
item, which is a relatively large amount of time for such easy problems. Also, in Tsang et al. children 
were allowed to solve all the available problems, whereas in the current study, the number of problems 
solved within the time limit. So, even though in both studies the outcome was the number of correctly 
solved items, the outcome in the present study relied much more on a combination of accuracy and 
reaction time, whereas the outcome of Tsang et al. was far less (or even not) dependent on the speed at 
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which children solve the arithmetic problems. Furthermore, the age range differed in both studies. 
Tsang et al. tested children of a broad age range, whereas we chose to select only a specific age, i.e. 
12-year-olds. This was done to exclude as much as possible potential age-related differences and to 
ensure that the children in the current study were as homogenous as possible in terms of the amount of 
received mathematics instruction. We focused on 12-year-olds because at this age we expected them to 
have already required a substantial degree in automatization in arithmetic fact retrieval. Finally, we 
looked whether the whole arcuate fasciculus-anterior was correlated with arithmetic, whereas Tsang et 
al. only selected a central chunk of this tract of interest. Taken together all these elements may explain 
the disparities between the current findings and those of Tsang et al. (2009). 
 
Secondly, it is important to point out that the observed relationship between white matter and 
arithmetic is not explained by age, intelligence and working memory. Since the anterior part of the 
arcuate fasciculus has frontal terminations, the relationship we observed could be due to general 
cognitive abilities which rely on frontal brain regions, such as working memory. This was not the case. 
 
Third, the observed relationship between fronto-parietal white matter and children’s arithmetical 
competence appears to be modulated by arithmetic operation. In terms of operation, we found that 
fractional anisotropy of the left anterior part of the arcuate fasciculus correlated with addition and 
multiplication, but not with subtraction and division. Moreover, the correlations for addition and 
multiplication were significantly larger than the (non-significant) correlations observed for subtraction 
and division. This further supports this idea of operation specificity of the correlation between the 
arcuate fasciculus-anterior and addition/multiplication. These findings data are highly congruent with 
functional neuroimaging studies in typically developing children (De Smedt et al., 2011), healthy 
adults (Fehr et al., 2007; Prado et al., 2011; Zhou et al., 2007) and brain-injured patients (e.g., Cohen 
et al., 2000; Dehaene and Cohen, 1997), which have shown a dissociation among simple arithmetic 
operations. Although the activation in the fronto-parietal arithmetic network is modulated by 
operation, none of the previous DTI studies in mathematics looked into differences between arithmetic 
operations. Thus, our study extends earlier research by exploring this difference. In particular, we add 
new information to the DTI tractography findings of Tsang et al. (2009) by showing that structural 
properties of left fronto-parietal pathways are correlated with arithmetic abilities, but that this is 
modulated by arithmetic operation. Based on our results, the arcuate fasciculus-anterior is proposed as 
anatomical correlate for addition and multiplication, but not for subtraction and division. 
 
Fourth, the observed dissociation between arithmetic operations might reflect the use of different 
strategies. Behavioral studies in typically developing children have shown that different arithmetic 
operations are solved by different strategies, i.e. arithmetic fact retrieval and, on the other hand, 
procedural strategies, such as counting or decomposing a problem into smaller problems (Barrouillet 
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et al. 2008; Imbo and Vandierendonck, 2008; Siegler, 1996). More specifically, addition and 
multiplication are mainly solved by fact retrieval, already from second grade on (Imbo and 
Vandierendonck, 2008). In contrast subtractions are more often solved by procedural strategies, which 
are assumed to rely on quantity-based processes (Barrouillet et al., 2008). The observed dissociation 
between arithmetic operations in the current study might reflect the use of different strategies, i.e. fact 
retrieval for addition and multiplication versus more quantity-based procedural strategies for 
subtraction and division. This is in line with Dehaene’s triple code model (Dehaene, 1992; Dehaene et 
al., 2003) which postulates that answers to retrieval-based operations, such as simple addition and 
multiplication, are stored in verbal memory, located in the left perisylvian language areas. On the other 
hand, operations that are typically solved by procedural strategies, such as subtractions, rely on the 
manipulation of quantity representations, located in the IPS and superior parietal lobe. The observed 
association between the arcuate fasciculus-anterior and addition/multiplication is consistent with this 
because the parietal projections of the arcuate fasciculus-anterior found by tractography (for a 
summary see Catani et al., 2005) terminate in inferior parietal areas and posterior temporal areas 
(encompassing BA 22, 37, 39, and 40), which have been implicated in arithmetic fact retrieval (e.g., 
Delazer et al., 2003; Grabner et al., 2009; Prado et al., 2011). On the other hand, arcuate fasciculus 
fibers do not reach the superior parietal lobe, which might explain why we did not observe a 
significant association between the arcuate fasciculus-anterior and subtraction/division. The current 
findings of neural dissociation among arithmetic operations coincide with the results of several 
functional neuroimaging studies showing that neural networks involved in arithmetic problem solving 
differ between arithmetic operation and strategy use (e.g., Fehr et al., 2007; Grabner et al., 2009; Prado 
et al., 2011; Zhou et al., 2007). They also concur with Event Related Potentials data (Zhou et al., 
2006), which showed neural dissociation among addition, subtraction, and multiplication. Compared 
to addition and subtraction, single-digit multiplication elicited a greater N300 at the left frontal 
electrodes, which was interpreted as a greater dependence on verbal processing (in the left frontal 
region) for the retrieval of simple multiplication facts compared to subtraction. 
 
Fifth, we also explored how the observed associations between the left arcuate fasciculus-anterior and 
addition/multiplication might be explained by different types of reading ability. Such data might 
further shed light on the association between reading and arithmetic (e.g., Simmons and Singleton, 
2008). A reasonable explanation on why the left arcuate fasciculus seems more important for addition 
and multiplication as opposed to subtraction and division may lie in the neural overlap between 
reading and these two arithmetic operations. More specifically, in reading, it is well demonstrated that 
phonological representations are necessary in order to learn to read an alphabetic script, and that such 
representations are important during the initial stages of reading and the reading of non-familiar 
words, such as non-words (e.g. Hulme, 2002). In arithmetic, phonological representations might be 
particularly important for retrieval of existing arithmetic facts, which might be stored in a 
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phonological code in long-term memory (e.g. De Smedt et al., 2010; Simmons and Singleton, 2008). 
Reading studies have provided evidence for the role of the left arcuate fasciculus in phonological 
processing during speech perception and production (e.g., Vandermosten et al., 2012a; Yeatman et al., 
2011; see for a review Dick and Tremblay, 2012). The correlation analyses with measures of reading 
ability taken into account showed that phonological decoding rather than orthographic decoding does 
account for the observed relationship between addition/multiplication and FA in the left arcuate 
fasciculus-anterior. This suggests that the association between the arcuate fasciculus and 
addition/multiplication might reflect a common reliance on phonological processing. It is likely that 
the brain uses the arcuate fasciculus-anterior for solving addition and multiplication because the 
signals carried within the arcuate fasciculus are used for the manipulation of phonological information. 
These findings are in line with neuroimaging studies which have shown neural overlap in the left 
temporo-parietal cortex between arithmetic and reading, more specifically during reading of non-
words, and at the initial stages of reading development (Dehaene et al., 2003; Pugh et al., 2001; 
Simmons and Singleton, 2008).  
Finally, it is important to note that the observed relationship between fractional anisotropy in the left 
arcuate fasciculus-anterior and arithmetic does not generalize to the right hemisphere or adjacent white 
matter tracts in the fronto-temporo-parietal region commonly active during arithmetic tasks. Thus, the 
observed relationship between white matter and arithmetic fact retrieval is specifically localized to the 
left anterior part of the arcuate fasciculus (which connects frontal and inferior parietal areas in the 
brain). In accordance with Tsang et al. (2009), this clearly shows the anatomical specificity of the 
arithmetic correlation found in the fronto-parietal area. 
 
5. Conclusions 
Research about the neural correlates underlying arithmetic processing has undergone rapid progress in 
recent years. Functional neuroimaging has shown that arithmetic activates a fronto-parietal network 
(Arsalidou and Taylor, 2011) and that activity in this network is modulated by operation and 
individual differences (De Smedt et al., 2011; Grabner et al., 2007, 2009). Extending the existing body 
of data with DTI tractography data, our findings show a link between arithmetic and the white matter 
structure that connects regions of the fronto-parietal arithmetic network and that this is modulated by 
operation and individual differences. More specifically, fractional anisotropy of the left arcuate 
fasciculus-anterior correlates with individual differences in addition and multiplication, but not with 
subtraction and division in healthy 12-year-old children. Our findings have implications for 
understanding the underlying neurobiological mechanisms of individual differences in arithmetical 
competence. Future DTI studies should investigate whether training for addition and multiplication 
may influence structural connectivity in the fronto-parietal arithmetic network. In addition, the role of 
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phonological processing in addition/multiplication needs to be further explored at behavioral and 
neuroimaging levels. 
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